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We  report  the  facile  synthesis  of  carbon  supported  PtAu  alloy  nanoparticles  with  high  electrocatalytic 
activity  as  anode  catalysts  for  direct  formic  acid  fuel  cells  (DFAFCs).  PtAu  alloy  nanoparticles  are  prepared 
by  co-reducing  HAuCU  and  H2PtCl6  with  NaBH4  in  the  presence  of  sodium  citrate  and  then  deposited  on 
Vulcan  XC-72R  carbon  support  (PtAu/C).  The  obtained  catalysts  are  characterized  with  X-ray  diffraction 
(XRD)  and  transmission  electron  microscope  (TEM),  which  reveal  the  formation  of  PtAu  alloy  nanopar¬ 
ticles  with  an  average  diameter  of  4.6  nm.  Electrochemical  measurements  show  that  PtAu/C  has  seven 
times  higher  catalytic  activity  towards  formic  acid  oxidation  than  Pt/C.  This  significantly  enhanced  activ¬ 
ity  of  PtAu/C  catalyst  can  be  attributed  to  noncontinuous  Pt  sites  formed  in  the  presence  of  the  neighbored 
Au  sites,  which  promotes  direct  oxidation  of  formic  acid. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  direct  formic  acid  fuel  cells  (DFAFCs)  have  attracted 
considerable  attentions  as  power  sources  for  portable  electronic 
devices  because  of  their  advantages  over  traditional  hydrogen  fuel 
cells  and  direct  methanol  fuel  cells  (DMFCs)  [1-7].  Flydrogen  fuel 
cells  are  limited  by  difficulties  with  hydrogen  storage  and  con¬ 
veyance.  The  disadvantages  of  DMFCs  include  slow  electrocatalytic 
oxidation  kinetics,  high  crossover  through  Nation®  membrane, 
and  the  inherent  toxicity  of  methanol  [8].  Formic  acid  is  gener¬ 
ally  recognized  as  a  safe  food  additive  and  exhibits  much  less 
crossover  through  Nation®  membrane  than  methanol  [9].  Further¬ 
more,  DFAFCs  have  a  theoretical  open-circuit  potential  of  1.40  V, 
which  is  higher  than  either  hydrogen  fuel  cells  (1.23  V)  or  direct 
methanol  fuel  cells  (1.21  V)  [8,10]. 

Previous  reports  have  shown  that  the  oxidation  of  formic  acid 
on  Pt  follows  a  so-called  dual  pathway  [11].  A  direct  oxidation 
(pathway  I)  occurs  via  the  dehydrogenation  reaction: 

Pathway  I  :  HCOOH  -*  C02  +  2H+  +  2e~ 

The  second  reaction  pathway  (pathway  II)  forms  adsorbed  car¬ 
bon  monoxide  (CO)  as  a  reaction  intermediate  by  dehydration: 

Pathway  II  :  HCOOH  ->  -C0ads  +  H20  ->  C02  +  2H+  +  2e- 
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For  DFAFCs,  the  dehydrogenation  is  a  desirable  reaction  path¬ 
way  to  enhance  overall  cell  efficiency  and  avoid  poisoning  of  the 
catalyst  [10].  However,  the  oxidation  of  formic  acid  on  pure  Pt  sur¬ 
face  dominantly  takes  place  through  pathway  II,  which  leads  to  Pt 
poisoned  by  accumulated  COads  [12]  and  significantly  reduces  Pt 
electrocatalytic  activity. 

Many  efforts  have  been  made  to  enhance  the  oxidation  rates 
of  formic  acid  on  Pt  by  adding  surface  modifiers,  such  as  Fe  [13], 
Sb  [14],  Ti  [12],  and  Bi  [15].  This  can  be  interpreted  on  the  basis 
of  the  catalyst  “ensemble  effect”:  the  dissociative  adsorption  of 
formic  acid  to  form  CO  requires  at  least  two  ensemble  binding  Pt 
sites,  while  the  direct  oxidation  of  formic  acid  does  not  require 
the  presence  of  continuous  neighboring  Pt  sites;  by  isolating  Pt 
sites  with  surface  modifiers,  the  pathway  II  reaction  can  be  greatly 
suppressed  and  the  pathway  I  reaction  greatly  enhanced  [11].  How¬ 
ever,  due  to  their  low  oxidation  potentials  (below  0.3  V  vs.  RHE, 
anodic  working  potential  of  DFAFCs)  [10,16],  these  metals  tend  to 
dissolve  during  the  operation  of  DFAFCs.  In  contrast,  the  oxida¬ 
tion  potential  of  gold  is  above  1.2  V  vs.  RHE  [17].  Thus  Au-modified 
Pt  electrocatalysts  have  attracted  much  attention  because  of  their 
higher  stability  and  electrocatalytic  activity  [16,18,19].  Yan  and  co¬ 
workers  [4]  reported  that  Pt-modified  Au  nanoparticles  facilitated 
the  direct  oxidation  of  formic  acid  by  suppressing  the  formation  of 
poisonous  species  COads.  Recently,  Zhao  and  co-workers  [20]  pre¬ 
pared  the  uniform  PtAu  alloy  nanoparticles  with  the  co-reduction 
method  in  N,N-dimethylformamide  (DMF),  which  exhibited  a  much 
higher  activity  toward  formic  acid  oxidation  due  to  the  formation  of 
noncontinuous  Pt  sites  in  the  PtAu  alloy  nanoparticles  [11].  How¬ 
ever,  DMF  is  a  carcinogen  and  is  thought  to  cause  birth  defects. 
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Moreover,  synthesizing  the  single-phase  PtAu  alloy  is  challeng¬ 
ing  because  Pt  and  Au  are  immiscible  in  principle  [20,21].  So  it  is 
necessary  to  explore  a  novel  method  to  prepare  PtAu  alloy  nanopar¬ 
ticles. 

In  this  study,  we  develop  a  facile  and  green  approach  to  syn¬ 
thesize  PtAu  alloy  nanoparticles.  Nanoparticles  prepared  with 
conventional  co-impregnation  [22]  or  electrodeposition  [23]  meth¬ 
ods  have  larger  particle  size,  while  methods  like  microwave 
irradiation  [24]  or  microemulsions  [25]  are  complicated.  So  we 
employ  sodium  citrate,  which  is  able  to  stabilize  metal  nanopar¬ 
ticles  [17],  to  prepare  PtAu  alloy  nanoparticles,  which  show 
significantly  enhanced  electrocatalytic  activity  toward  formic  acid 
oxidation. 


film.  The  well-prepared  electrodes  were  dried  at  room  tempera¬ 
ture  overnight  before  the  electrochemical  tests.  The  total  loading 
of  the  catalyst  was  15  p,g  (3  pug  Pt). 

The  working  electrodes  were  first  activated  with  cyclic  voltam- 
mograms  (CVs)  (0-1.1  V  at  50mVs-1)  in  N2-purged  0.5  M  H2S04 
solution  until  a  steady  CV  was  obtained.  To  measure  formic  acid 
electroxidation,  the  solution  of  0.5  M  H2SO4  +  0.5M  HCOOH  was 
purged  with  N2  gas  before  measurements  were  taken,  and  the  CV 
was  recorded  in  the  potential  between  0  and  1.2  V  at  a  scan  rate 
of  50mVs_1.  The  amperometric  current  density-time  (i-t)  curves 
were  measured  at  a  fixed  potential  of  0.3  V  for  1  h. 

All  the  tests  were  conducted  at  room  temperature.  All  potentials 
were  reported  vs.  the  reversible  hydrogen  electrode  (RHE). 


2.  Experimental  methods 

2. 1.  Catalyst  preparation 


3.  Results  and  discussion 

3.1.  Materials  characterization 


Sodium  citrate,  hexachloroplatinic  acid  (H2PtCl6-6H20), 
chloroauric  acid  (HAuC14-3H20),  and  a  5  wt.%  Nation  solution  were 
obtained  from  Sigma-Aldrich. 

Carbon  supported  20  wt.%  PtAu  alloy  nanoparticles  (PtAu/C) 
were  synthesized  with  a  modified  NaBH4  method:  first,  a  1.5  mL 
of  0.1  M  sodium  citrate  aqueous  solution  was  added  into  400  mL 
H20  (18.2  MC2  cm,  Mill-QCorp.)  under  vigorous  stirring  for  10  min, 
followed  by  adding  drop  by  drop  a  0.996  mL  H2PtCl6  (7.53  mg  Pt 
per  mL  H20)  and  1.682  mL  HAuC14  (4.46  mg  Au  per  mL  H20)  with 
vigorous  stirring  for  an  additional  10  min.  Then,  a  freshly  prepared 
NaBH4  solution  (22.5  mg  NaBH4  dissolved  in  3.5  mL  H20  and  1 .5  mL 
of  0.1  M  sodium  citrate  solution)  was  added  all  at  once.  The  reaction 
lasted  for  5  min  under  vigorous  stirring,  and  then  60  mg  of  Vulcan 
XC-72R  (ultrasonicated  for  20  min  in  the  mixed  solution  of  lOmL 
2-propanol  and  lOmL  H20)  was  added  and  stirred  for  48 h.  After 
that,  300  mg  KN03  was  added,  which  promoted  PtAu  nanoparticles 
to  load  on  the  carbon  supports  [26].  After  an  additional  48  h  of  stir¬ 
ring,  the  resulting  catalyst  was  filtered  and  washed  with  deionized 
water  until  no  Cl-  was  detected  and  then  dried  for  3  h  at  90  °C  in 
vacuum.  For  comparison,  carbon  supported  20  wt.%  Pt  nanoparti¬ 
cles  were  prepared  in  the  same  procedure  except  for  the  absence 
of  HAuC14. 

2.2.  Materials  characterization 

The  transmission  electron  microscopy  (TEM)  images  of  the  cat¬ 
alysts  were  taken  in  a  JEOL  TEM  2010  microscope  equipped  with 
an  Oxford  ISIS  system.  The  operating  voltage  on  the  microscope 
was  200  keV.  All  images  were  digitally  recorded  with  a  slow-scan 
charged-coupled  device  (CCD)  camera.  X-ray  diffraction  (XRD)  pat¬ 
terns  were  obtained  using  a  Philips  Xpert  X-ray  diffractometer 
using  Cu  Ka  radiation  at  A  =  1 .541 8  A. 

2.3.  Electrochemical  measurements 

The  electrochemical  tests  were  carried  out  in  a  standard 
three-electrode  system  controlled  with  a  CHI660C  station  (CH 
Instruments,  Inc.,  USA)  with  Pt  wire  and  Hg/Hg2S04  as  the 
counter  electrode  and  reference  electrode,  respectively.  The  work¬ 
ing  electrodes  were  prepared  by  applying  catalyst  ink  onto  the 
pre-polished  glass  carbon  disk  electrodes.  In  brief,  the  electrocat¬ 
alyst  was  dispersed  in  ethanol  and  ultrasonicated  for  15  min  to 
form  a  uniform  catalyst  ink  (2  mg  mL-1 ).  A  total  of  7.5  p,L  of  well- 
dispersed  catalyst  ink  was  applied  onto  the  pre-polished  glassy 
carbon  (GC)  disk  electrode  (5  mm  in  diameter).  After  drying  at 
room  temperature,  a  2  x  5  pX  0.05  wt.%  Nation  solution  was  applied 
onto  the  surface  of  the  catalyst  layer  to  form  a  thin  protective 


The  XRD  patterns  of  Pt/C  and  PtAu/C  samples  are  shown  in  Fig.  1 , 
which  unambiguously  demonstrates  that  both  Pt/C  and  PtAu/C  cat¬ 
alysts  have  a  face-centered  cubic  (fee)  structure  [27].  Compared 
with  that  of  Pt  nanoparticles,  the  (111)  peak  of  PtAu  nanoparticles 
is  shifted  to  a  lower  angle.  And  the  d  spacings  of  (1 1 1)  peaks  can 
be  calculated  via  the  Bragg  law: 


where  A  is  the  X-ray  wavelength  (A  =  1.5418  A)  and  6  is  the  angle 
of  (1 1 1)  peaks.  Results  show  that  d  spacings  of  (1 1 1)  peaks  are 
0.227  nm  and  0.232  nm  for  Pt  nanoparticles  and  PtAu  nanoparticles, 
respectively,  which  indicates  that  PtAu  alloy  was  formed  [21,28]. 

The  average  particle  sizes  can  be  calculated  using  the  Scherer 
equation  [29]: 


B 20  COS  0max 

where  L  is  the  mean  size  of  particles,  Kal  is  the  X-ray  wavelength 
(A  =  1.541 8  A),  0  max  is  the  angle  of  (2  2  0)  peak,  and  B2q  is  the 
half-peak  width  for  Pt(2  2  0).  Herein,  the  reason  for  choosing  the 
Pt(2  2  0)  peak  is  that  the  Pt( 111)  peak  and  the  Pt(2  0  0)  peak  inter¬ 
fere  with  each  other.  The  sizes  of  Pt  and  PtAu  alloy  nanoparticles 
are  calculated  to  be  2.7  and  4.6  nm,  respectively. 

Fig.  2  shows  TEM  images  of  Pt/C  and  PtAu/C  catalysts.  The 
nanoparticle  size  is  about  3  nm  for  Pt  and  5  nm  for  PtAu  alloy,  which 
is  consistent  with  the  results  calculated  from  XRD  data  using  the 


Fig.  1.  XRD  patterns  of  Pt/C  and  PtAu/C. 
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Fig.  2.  TEM  images  of  Pt/C  (A)  and  PtAu/C  (B). 


Scherer  equation.  The  larger  particle  size  of  the  PtAu  alloy  may  be 
due  to  the  lattice  mismatch  between  Pt  and  Au  atoms  [30]. 

Sodium  citrate  is  a  well-known  stabilizing  agent  used  to  prepare 
metal  nanoparticles  (Au  [31],  Pt  [32,33]),  which  is  able  to  pre¬ 
vent  nanoparticles  from  aggregating  in  the  solution.  Three  carboxyl 
anions  of  sodium  citrate  can  absorb  on  the  surface  of  nanoparticles, 
which  generates  an  electrostatic  double  layer  around  nanoparti¬ 
cles  and  prevents  nanoparticle  from  aggregation  [32].  Nanoparticle 
suspensions  stabilized  by  this  electrostatic  repulsion  are  very  sen¬ 
sitive  to  any  condition  that  is  able  to  disrupt  the  electrostatic 
double  layer,  like  ionic  strength  or  thermal  motion  [26].  The  addi¬ 
tion  of  salt  (KN03)  increases  the  ionic  strength  of  the  solution, 
impairs  electrostatic  repulsion  between  nanoparticles,  and  pro¬ 
motes  nanoparticles  to  load  on  the  carbon  support. 

3.2.  Electrochemical  properties 

Fig.  3  shows  the  CVs  of  Pt/C  and  PtAu/C  electrocatalysts  in 
0.5  M  H2S04.  Typical  hydrogen  and  oxygen  adsorption/desorption 
behavior  can  be  clearly  observed  on  both  Pt/C  and  PtAu/C.  The  elec¬ 
trochemical  surface  area  of  Pt  can  be  calculated  with  Coulombic 
charges  accumulated  during  hydrogen  adsorption  and  desorption 
[29]  and  results  are  shown  in  Table  1 .  The  peaks  (at  0.7  V)  related  to 


Fig.  3.  CVs  (50  mV  s_1 )  of  Pt/C  and  PtAu/C  in  N2-saturated  0.5  M  H2SO4. 


Table  1 

The  initial  electrochemical  surface  area  (ESA)  and  catalytic  activity  towards  HCOOH 
oxidation  of  Pt/C  and  PtAu/C. 


Samples 

ESA 

Onset  potential  of 

Peak  current  density  at 

(m2  g-1  Pt) 

HCOOH  oxidation  (V) 

0.58  V,  ipi  (A  mg-1  metal) 

Pt/C 

61.0 

0.28 

0.15 

PtAu/C 

20.6 

0.19 

1.18 

the  reduction  of  Pt  oxide,  appear  in  both  samples,  while  the  reduc¬ 
tion  of  Au  oxide  at  1.2  V  only  exists  in  PtAu/C  [17],  which  confirms 
the  presence  of  Au  in  the  PtAu/C  electrocatalyst. 

The  electrochemical  measurement  (Fig.  4)  of  PtAu/C  and  Pt/C 
electrocatalysts  in  the  solution  of  0.5  M  HCOOFI  +  0.5M  H2S04 
shows  that  the  electrocatalytic  activity  towards  formic  acid  on 
PtAu/C  is  about  eight  times  that  on  Pt/C  in  terms  of  the  peak  current 
density  ip  1 .  The  current  peak  PI  at  0.58  V  is  related  to  the  direct  oxi¬ 
dation  of  HCOOH,  while  the  second  peak  P2  at  0.95  V  is  due  to  the 
oxidation  of  COads  generated  from  the  dissociative  adsorption  step 
[4].  The  ratio  (ipi/iP2)  between  these  two  peak  current  densities 
can  clearly  indicate  which  reaction  pathway  (I  or  II)  is  dominant 
during  the  oxidation  of  formic  acid.  As  shown  in  Fig.  4,  it  increases 
from  0.23  on  Pt/C  to  2.92  on  PtAu/C.  In  addition,  the  onset  poten¬ 
tial  of  HCOOH  oxidation  on  the  Pt/C  catalyst  is  about  280  mV,  while 
that  on  the  PtAu/C  catalyst  is  negatively  shifted  to  about  190  mV. 
These  results  indicate  different  reaction  pathways  of  formic  acid 
oxidation  on  PtAu/C  and  Pt/C,  that  is,  the  dehydrogenation  pro- 


Fig.  4.  HCOOH  oxidation  activity  on  Pt/C  and  PtAu/C  in  N2 -saturated  0.5  M  HCOOH 
and  0.5  M  H2S04. 
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Fig.  5.  Amperometric  i-t  curves  of  HCOOH  electro-oxidation  on  Pt/C  and  PtAu/C 
catalysts  in  N2-saturated  0.5  M  HCOOH  and  0.5  M  H2SO4  at  a  fixed  potential  of  0.3  V. 

cess  (pathway  I)  on  PtAu/C  vs.  the  dehydration  process  (pathway 
II)  on  Pt/C.  It  is  known  that  Au  itself  has  no  activity  towards  the 
oxidation  of  formic  acid  [4].  Thus,  the  enhanced  activity  towards 
HCOOH  oxidation  on  PtAu/C  can  be  explained  via  the  “ensemble 
effect”  of  Pt  sites:  the  noncontinuous  Pt  sites  formed  in  the  pres¬ 
ence  of  neighbored  Au  sites  favor  the  direct  oxidation  process  of 
formic  acid  [4,11]. 

Fig.  5  shows  the  amperometric  i-t  curves  on  PtAu/C  and  Pt/C 
electrocatalysts  in  the  solution  of  0.5  M  HCOOH  +  0.5  M  H2S04  at  a 
fixed  potential  of  0.3  V,  which  is  close  to  the  anodic  working  poten¬ 
tial  in  DFAFCs  [2,10].  The  current  density  at  3600  s  on  the  PtAu/C 
catalyst  is  0.036  A  mg-1  metal,  which  is  about  10  times  that  on  the 
Pt/C  catalyst.  This  demonstrates  that  the  electrochemical  stability 
of  the  PtAu/C  catalyst  towards  formic  acid  oxidation  is  much  higher 
than  that  of  the  Pt/C  catalysts  [34].  This  result,  combined  with  CV 
measurements,  further  confirms  the  superiority  of  the  PtAu/C  over 
Pt/C  in  terms  of  catalytic  activity  and  stability  towards  HCOOH 
electroxidation. 

4.  Conclusions 

In  summary,  PtAu  alloy  nanoparticles  were  successfully  syn¬ 
thesized  with  the  co-reduction  method  in  the  presence  of  sodium 
citrate.  Carbon  supported  PtAu  alloy  electrocatalyst  shows  a  much 
higher  catalytic  activity  towards  formic  acid  oxidation  than  Pt/C 
electrocatalyst.  This  can  be  attributed  to  Pt  “ensemble”  effect  in 
PtAu  alloy  nanoparticles,  which  favors  the  direct  oxidation  of 
formic  acid.  Moreover,  PtAu/C  electrocatalyst  also  exhibited  higher 
electrochemical  stability  than  Pt/C  due  to  the  presence  of  Au.  This 
provides  a  facile  and  environmentally  benign  route  to  improve  both 
the  activity  and  stability  of  anodic  catalysts  for  DFAFCs. 
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